Porous titanium scaffolds are promising materials for biomedical applications such as prosthetic anchors, fillers and bone reconstruction. This study evaluated the bone/titanium interface of scaffolds with interconnected pores prepared by powder metallurgy, using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Porous scaffolds and dense samples were implanted in the tibia of rabbits, which were subsequently killed 1, 4, and 8 weeks after surgery. Initial bone neoformation was observed one week after implantation. Bone ingrowth in pores and the Ca/P ratio at the interface were remarkably enhanced at 4 and 8 weeks. The results showed that the interconnected pores of the titanium scaffolds promoted bone ingrowth, which increased over time. The powder metallurgy technique thus proved effective in producing porous scaffolds and dense titanium for biomedical applications, allowing for adequate control of pore size and porosity and promoting bone ingrowth.
Introduction
The main goal of tissue engineering is to synthesize or regenerate tissues and organs. Currently, this is achieved by providing a synthetic porous scaffold or matrix that mimics the body's own extracellular matrix, onto which cells attach, multiply, migrate and function. The osteoconductive properties of these porous biomaterials facilitate the migration of osteoblasts from surrounding bone into the implant site, thereby assisting the healing process 1 . Titanium is widely used for the production of dental or orthopedic implants because direct contact occurs between bones and implant surfaces 2 . Titanium is biocompatible, highly corrosion resistant and durable. Moreover, it is easily prepared in many different shapes and textures without affecting its biocompatibility 3 . Porous titanium has been used to anchor implants through bone growth into the porous structure [4] [5] [6] [7] . This bone ingrowth provides a strong implant/bone bond [8] [9] [10] [11] , and the pores may be interconnected threedimensionally to provide enough space for the attachment and proliferation of new bone tissues and to facilitate the transport of body fluids 1, 12 . These porous structures have many applications ranging from spinal fixation to acetabular hip prostheses 5, 13 , dental implants, permanent osteosynthesis plates 13 , and intervertebral discs 5 . However, there are few techniques for manufacturing these complex shapes with interconnected pores without the need for machining steps 1, [14] [15] [16] [17] . Several methods have therefore been investigated, including the powder metallurgy technique, which seems to be particularly advantageous because of its processing route and cost 1, 14, [16] [17] [18] . In powder metallurgy, pores can originate from the particle compacting arrangement or from changes in this arrangement, when decomposition of spacer particles causes increasing porosity, and from solid-state diffusion in the sintering step 19 .
The present study involved an in vivo evaluation of the interface between bone and a novel porous titanium scaffold for biomedical applications, prepared by the powder metallurgy technique, to assess the bone ingrowth, osseointegration and osteoconduction of this biomaterial.
Materials and Methods

Preparation of samples
Scaffolds of porous titanium and dense titanium were fabricated by the powder metallurgy (PM) technique. The porous scaffolds were made of commercially pure titanium powder produced by the hydrogenation/dehydrogenation technique (HDH) at the Air and Space Institute's Department of Materials (IAE/AMR). The mean grain size of the titanium powder was about 80 µm, and the urea used as spacer material had a particle size of 250 to 350 µm. Both the titanium and urea powder presented an irregular morphology. The dense titanium samples were produced only with commercially pure titanium powder.
The porous titanium scaffolds were prepared from a titanium/ urea powder mixture having an 80-to-20 percent weight ratio. The mixture was uniaxially pressed under 100 MPa in a stainless steel mold and then isostatically pressed under 200 MPa. The resulting samples were sintered at 1200 °C/1 hour under a vacuum (10 -7 torr), and then heat-treated at 180 °C/2 hours in air to eliminate the spacer particles. The same parameters were used for the preparation of dense titanium samples.
The sintered samples presented an average diameter of 3.0 mm and a length of 6.0 mm (Figure 1 ). Pore size and distribution in the finished implant were controlled by the size and quantity of urea particles added to the powder titanium.
Pore size and distribution -metallographic analysis
The porous titanium and dense titanium scaffolds were embedded in acrylic resin and sectioned radially with a diamond disc cutter (Labcut 1010-EXTEC). All the specimens were polished lightly using increasingly fine sandpapers (600, 800 and 1200 grit). After the metallographic preparation, the specimens' pore size, distribution and connectivity were analyzed in a scanning electron microscope (LEO 435 VPI) with 100x magnification. The pore percentage and diameter were metallographically analyzed using the Image Tool (Windows 
Surgical procedure
Twenty-one New Zealand albino rabbits aged five to seven months, with an average weight of 4.5 kg, were used in this study. The animals, which were supplied by the vivarium of the São Jose dos Campos School of Dentistry, were kept in individual cages and fed with commercial pet food (Coelhil R -Socil, Belo Horizonte, MG, Brazil) and water ad libitum. This study was approved by the Research Ethics Committee, São Jose dos Campos Graduate School of Dentistry -UNESP (044/2002).
Prior to the surgery, the animals were weighed and intramuscularly anesthetized with a mixture of 13 mg.kg , Petrópolis, RJ, Brazil) was also used. The procedures were performed under standard sterile conditions. After trichotomy, shaving, and disinfection, a longitudinal incision was made along the medial portion of the tibia. The fascia was split, and the implantation sites were prepared carefully using an electric surgical drill. Three perforations were made bilaterally 0.5 cm apart. During drilling, the hole was cooled continuously with saline. Immediately before inserting the implants, the hole was irrigated with saline to remove any bone shards.
The specimens, sized to press-fit into such a cavity, were pushed in until they were fixed to the cortical bone. Three porous titanium scaffolds were placed in the left tibia, and three dense titanium samples in the right tibia. The wound was sutured, and all the animals received 0.35 mL.kg -1 of antibiotic penicillin (Pentabiótico -Fort Dodge ® Sacede Animal Ltda, Eurofarma Laboratory, São Paulo, SP, Brazil).
The 21 rabbits were divided randomly into three groups of 7 rabbits each, which were sacrificed 1, 4 and 8 weeks after implantation with an overdose of an intramuscular anesthetic.
SEM and EDS analyses
Following euthanasia, segments of tibia containing the implants were excised and immediately fixed in 10% formalin, dehydrated and embedded in blocks of polyester resin (Orto Cristal T 208). The blocks were cut serially into longitudinal sections with a diamond disc cutter (Labcut 1010-EXTEC) and polished with progressively fine sandpaper (400, 600 and 1200 grit) in a polisher/grinder (Labpol 8-12, EXTEC). The sections were then examined by scanning electron microscopy (SEM).
The bone-implant interface, preexisting bone, new bone and porous implant were analyzed by EDS at all the ages of sacrifice in order to determine their chemical composition.
Results
Metallographic analysis
The microstructure of dense titanium samples was devoid of pores. The porous titanium scaffold prepared by powder metallurgy exhibited three-dimensionally interconnected pores, as illustrated in Figure 2 . The average pore size was 480 µm (±210 µm) and total porosity was 36% (±2.4%). The microstructure showed interconnected pores and small isolated pores (Figure 3 ).
Histological evaluation
All the animals presented satisfactory postoperative results, with no evidence of inflammation or infection in the surgical site. No adverse reaction was observed during the procedure. The appearance of the surrounding tissue and healing in the implantation site were examined, and any mobility of the sample or other abnormalities were noted.
Little or no bone contact was observed a week after implantation, regardless of the type of sample, and minimal bone growth towards the specimen's outer surfaces was observed. However, there was evidence of bone regeneration around the edges of the defect in response to the surgical trauma (Figure 4) . During this period, there was a visible gap between the preexisting bone and the sample.
Osseointegration was noted 4 weeks after implantation, with bone ingrowth to porous titanium scaffolds ( Figure 5 ) and bone deposition directly on the surfaces of dense titanium samples ( Figure 6 ). The bone ingrowth invaded the network from the periphery of the implant to the center ( Figure 5 ). In this period, all the samples, regardless of their microstructure, displayed woven bone formation with a normal structure and a distinct border between newly formed bone and preexisting bone (Figure 7 ). In general, smaller pores were filled with bone at four weeks (Figure 7 ), while larger pores were filled with bone at eight weeks ( Figure 8 ). Bone tissue deposition displayed a primarily lamellar architecture, with all the samples showing numerous osteocyte lacunae and canaliculi in this new bone eight weeks after implantation. Areas of remodeled bone, characterized by deposition and resorption, occurred within and around all the samples. New bone formation was also observed above the sample, filling the pores in this region ( Figure 5) , and the bone-implant interface was devoid of fibrous tissue.
EDS analysis
The specimens evaluated a week after implantation showed a gap between the bone and the implant. In this site, the EDS analysis revealed carbon (C) at the bone-implant interface due to infiltration of the polyester resin used in the preparation of the samples. On the other hand, the EDS analysis of the specimens evaluated at four and eight weeks showed calcium (Ca), phosphate (P), and titanium as the main elements at the bone-implant interface ( Figure 9 ). The EDS graphic exhibited the energy (keV) corresponding to each element, with P showing k alfa = 2.015, Ca presenting k alfa = 3.69 and k beta = 4.012, and Ti showing k alfa = 4.508 and k beta = 4.931. Different Ca and P intensities were observed in the new bone, and the ratios increased over time.
Discussion
From a biological standpoint, the ideal material for bone tissue reconstruction is autogenous bone because of its compatibility, osteoinductivity, osteoconductivity, and lack of immunologic response. However, there are limitations to harvesting an adequate amount of autogenous bone, and disadvantages involved in a secondary operation for harvesting autogenous bone. Implant materials, or biomaterials, offer the advantage of being readily available in large quantities, and biomaterial scaffolds are a promising alternative 1, 20 .
In the present study, we evaluated the in vivo response of rabbit tibia to porous titanium scaffolds and dense titanium samples prepared by powder metallurgy. Our results demonstrated that both titanium devices exhibited osseointegration, with the porous titanium scaffolds presenting bone ingrowth in the pores, which augmented over time. These porous structures show a promising potential as a biomaterial implant system, given their interactions with bone cells.
Bone growth into porous metal depends on several factors, including the porosity of the surface, the stability and degree of micromotion between the implant and bone, whether the host bone is trabecular or cortical, and the presence of gaps between the implant and the bone surface 21 . In the present study, the tight press fit of the implants in the osteotomic cavity was aimed at minimizing gapping and micromotion of the implant.
Osseointegration is strongly affected by the morphology of the porous structure, and the degree of bone ingrowth seems to depend on pore size 22, 23 . The majority of earlier studies reported porous structures with pore diameters of 100 to 500 µm 10, 11, [24] [25] [26] [27] [28] , and a total porosity of approximately 40% 10, 11, 18, [24] [25] [26] [27] . A suitable porous network is required to promote extensive vascularization for bone ingrowth, rapid bone regeneration and good implant integration. Bone ingrowth rates depend to a large extent on pore morphology, the degree of pore connectivity, and pore volume 29 , and it is known that pore connectivity is necessary to enable access of blood and nutrients for bone mineralization 22 . On the other hand, larger pore sizes could weaken the porous implant as a result of an associated reduction in density 22 . The porous titanium scaffold used in this study had a porosity of 36% and a mean interconnected pore diameter of 480 µm, allowing nutrients to enter the porous structure and form new bone. Earlier results we published about processing of scaffolds and porous coatings indicated that the size and quantity of titanium and spacer powders affect the resulting pore quantity and morphology 30, 31, 32 . Porous coatings with 11 to 24% porosity and pore sizes of 56 to 120 µm were produced with large titanium particles (500 µm) but without using spacer particles. The pore morphology showed mostly closed pores and a few small regions with interconnected pores 31 . In a continuation of this research, coatings and scaffolds were produced from titanium, using urea as spacer, the former with a mean particle size of 160 µm and the latter 550 µm. Spacer quantities varied from 30 to 50% relative to titanium. The porosities achieved showed complete interconnectivity ranging from 59 to 88% 30 . The scaffolds obtained in the present work were consistent with and very similar to our earlier results, but we achieved interconnected porosity at a lower level (36%) by using less spacer (20%) and smaller titanium and spacer particle sizes of 80 and 300 µm, respectively.
Rabbit bone weaves rapidly after injury or biomechanical adaptation, and the lattice of woven bone reaches the implant surface after two weeks. Following this initial period, more orderly deposition of lamellar bone is noted 33 , as was observed in the animals put down four weeks after implantation in this study. Bone was observed at the bone-implant interface and within the pores of the implant remodeling at four and eight weeks. Subsequently, complete penetration of bone tissue occurred even in the innermost pores, thanks to pore interconnectivity.
Several studies of porous biomaterials found that initial bone healing of rabbit tibia began before the end of two weeks, regardless of the use of osteoconductive surfaces 22 , while bone was growing into the pores at four weeks 22, 23 , and bone remodeling was concluded at 12 weeks. In the present study, the course of bone healing was similar to previous studies 8, 22 , since initial healing was observed at one week, and remodeled bone with a lamellar architecture was noted at four and eight weeks, confirming that the cylinder of porous titanium prepared by PM can be used as a scaffold. No fibrous tissue was found on the bone-implant interface, indicating that this porous titanium scaffold is adequate to promote bone implant contact.
The EDS results showed that the CA/P levels increased over time, which is congruent with the study of Braceras et al. 34 . However, at eight weeks, the Ca/P intensities were smaller than that observed in the preexisting bone, suggesting that longer healing times are needed to reach the ideal Ca/P rates. The EDS analysis also confirmed the absence of fibrous tissue from the bone-implant interface, since the elements observed here were Ca, P and Ti. Lastly, the EDS analysis of the porous titanium implant indicated that the principal element of the commercially pure titanium powder prepared by the hydrogenation/ dehydrogenization technique (HDH) in the Air and Space Institute's Department of Materials at the Air and Space Technical Center (CTA) was titanium, thus characterizing it as biocompatible.
Samples of porous titanium and dense titanium scaffolds were prepared by powder metallurgy, a low cost technique which is economic in terms raw materials. This powder metallurgy technique can be used to produce dense titanium samples without additional materials, or scaffolds of porous titanium with controlled porosity, pore size and morphology, which is ensured through the selection of appropriate spacers 1, 14, 18, 27 . Furthermore, the main advantage of this technique it allows for the preparation of implants with interconnected pores resembling a three-dimensional network 17, 18, 24 , a feature that was observed in this study. Another important aspect to control during the preparation of a Ti powder metallurgy product is its oxygen content 35 ; hence, all the titanium samples were manufactured under vacuum (10 -7 torr).
Conclusions
Based on the aforementioned results, it can be concluded that the powder metallurgy technique proved efficient in producing porous titanium scaffolds and dense titanium samples for biomedical applications. This technique allows for the control of pore size and porosity in porous titanium scaffolds, providing excellent scaffolds for bone ingrowth. In addition, the EDS analysis showed that, after implantation, the Ca/P levels improved over time, which constitutes evidence of the mineralization of bone tissue. This type of scaffold can be applied as a graft and an implant for promoting bone ingrowth, and may also serve for the development of new implants for medical applications.
